ABSTRACT
INTRODUCTION
Naturally occurring RNA molecules often have posttranscriptionally modified nucleosides+ The modification of the 29-hydroxyl group in the ribose ring into a methoxy group is one of the most widespread types of RNA modifications (Rozenski et al+, 1999 )+ The 29-Omethylation obviously blocks the ability of the 29 position of the nucleoside to serve as a proton donor and prohibits RNA hydrolysis+ In addition, the modification generally stabilizes the duplex formed with the complementary RNA (Inoue et al+, 1987 )+ Actually, many tRNA species have a 29-O-methylated nucleoside at the first position of the anticodon (Murasugi & Takemura, 1978; Pixa et al+, 1983; Pillay et al+, 1984; Glasser et al+, 1992; Pais de Barros et al+, 1996; Sprinzl et al+, 1998; Horie et al+, 1999; Rozenski et al+, 1999) , probably for the sake of a better codon-anticodon interaction+ However, it has not been directly shown that the modification can improve the codon-anticodon interaction+ Furthermore, the modification has never been found in the second or third position of the anticodon of the tRNA species from any organism (Sprinzl et al+, 1998; Rozenski et al+, 1999 )+ This may mean that the modifications at these positions do not improve the codon-reading activities of natural tRNA species+
We have examined the codon-reading properties of unmodified derivatives of tRNA 1 Ser from Escherichia coli (Fig+ 1) by a cell-free translation assay (Fig+ 2) (Takai et al+, 1996 (Takai et al+, , 1999a (Takai et al+, , 1999b )+ The efficiency of a tRNA in reading a codon was quantified as a relative value, the "relative codon-reading efficiency+" This is the ratio of the codon-reading efficiency of the tRNA species to that of another, where the "codon-reading efficiency" is the rate of amino acid incorporation from the aminoacyl-tRNA into the peptide fraction, divided by the concentration of the aminoacyl-tRNA (Fig+ 2) (Takai et al+, 1996) + These previous experiments revealed that the unmodified tRNAs are active and spe-cific to a limited set of codons+ The variant with the CGA anticodon reads the UCG codon, but does not read the UCU, UCC, or UCA codon+ Similarly, the variants with the CUC anticodon read the GAG codon exclusively (Takai et al+, 1999b )+ In the present study, the 29-O-methyl modification was introduced into these tRNA variants, and the contributions of the modification to the codon-reading efficiencies were measured in the cell-free translation system+
RESULTS

Effects of 29-O-methylation at the first position of the anticodon
In this article, the tRNA variants (Fig+ 1) may be referred to with the anticodon in parentheses, such as tRNA(CGA)+ 29-O-Methyl nucleosides are indicated by m following the base symbol, such as Cm+ N may be used to show the positions of modification, as in tRNA(CNmN), which means tRNA with C in the first position, a 29-O-methyl nucleoside in the second position, and an unmodified nucleoside in the third position+ To measure the effects of the anticodon 29-Omethylation, we first tested if the substitution of the first-position C in tRNA(CGA) and tRNA(CUC) with Cm improves the codon-reading efficiency+ It was already shown that 29-O-methylation of pyrimidine nucleotides stabilizes the C39-endo conformation in the ribose ring over the C29-endo conformation (Kawai et al+, 1992 )+ Thus, an RNA duplex containing 29-Omethylnucleosides is generally more stable than the unmodified duplex (Inoue et al+, 1987 )+ In Figure 3 , the two sets of four panels, A-D and E-H, show data obtained from a single set of labeled Ser-tRNAs+ In the first set (A-D), the modified tRNA was charged with [ 3 H]Ser, and the unmodified tRNA was charged with [ 14 C]Ser+ These aminoacyl-tRNAs were added to the cell-free translation reaction directed by mRNA(UCG) (filled squares) or mRNA(GAG) (negative control; filled circles), and the levels of 3 H]Ser-tRNAs in the first (A) and second (F) sets are the same, the 3 H incorporation rate is higher for the first set (C) than for the second set (H)+ Conversely, the 14 C incorporation rate is higher for the second set (G) than for the first set (D)+ This means that tRNA(CmGA) has higher codon-reading activity than tRNA(CGA)+ Table 1 (left column) lists the Ser-tRNA levels, the incorporation rates, and the calculated relative codon-reading efficiency+ The relative codonreading efficiency of 1+6 (Table 1C , column headed CmGA) indicates that tRNA(CmGA) is 1+6 times more efficient than tRNA(CGA)+ We performed another set of reactions using tRNA(CmUC) and tRNA(CUC), which read the GAG codon+ This also showed that the modified tRNA has higher activity than the unmodified tRNA (Table 1 )+ This is the first piece of direct experimental evidence that a single C-to-Cm modification at the first position of the anticodon can improve the codon-reading efficiency of a tRNA+
The second and third positions of the anticodon
We also measured the effects of the modification at the second and third positions of the anticodon (Table 2) + The modifications at both of these positions resulted in dramatic decreases in the codon-reading efficiencies (Table 2 , columns 1 and 5)+ The tRNA(CNmN)s also have low activities (Table 2 , columns 2 and 6)+ The tRNA(CNNm)s have no measurable activity (Table 2 , columns 4 and 7)+ Therefore, the modification at either of these positions impairs the codon-reading efficiency, whereas that at the third position has a larger effect+ These results explain the lack of this modification in natural tRNA species+
29-Deoxy modification
We further tested the tRNA molecules with 29-deoxyribonucleosides in the anticodons (Table 3 )+ The substitutions at the first position have only small effects on the codon-reading efficiencies (Table 3 , columns 1 and 5)+ The tRNA(CdNN)s are half as efficient as the unmodified molecules (Table 3 , columns 3 and 7)+ The tRNAs with the deoxy nucleoside at the third position have no measurable activities (Table 3, 
DISCUSSION
The present results show that the C-to-Cm modification at the first position of the anticodon of the semisynthesized tRNAs increases the reading of the G-ending codons, and that the 29-O-methylation at the second or third position has quite negative effects on the codon-reading activity+ These results are consistent with the distribution of the 29-O-methyl nucleosides in natural tRNA anticodons+ As the aminoacylation activities of the present tRNA molecules are comparable to those of the transcribed tRNAs (Takai et al+, 1996 (Takai et al+, , 1999b , the overall conformation should be the typical cloverleaf or Lshaped structure+ Therefore, the structural changes by the modifications are likely to be limited to the anticodon stem-loop region+ The 29-O-methyl RNA-RNA duplexes are more stable, and the DNA-RNA duplexes are slightly less stable, than the RNA-RNA duplexes with the same base sequence (Inoue et al+, 1987; Shimotono & Miura, 1974 )+ In the case of the first position, the C-to-Cm modification increases the codon-reading efficiency and the C-to-dC modification either does not change or decreases the codon-reading efficiency+ Thus, the duplex stability may be the primary determinant of the codonreading efficiency+ In the case of the third position, both types of modifications are detrimental to the activity+ Therefore, the hydroxyl group at this position may have some important role in the decoding reactions+
In the case of the second position, the methylation decreases the codon-reading efficiency, whereas the deoxy substitution has only small effects+ It is possible that the 29-hydroxyl group of the second position is placed near some functional site on the ribosome, and this function was affected in the case of the methylation, but not in the case of the deoxy modification+ It seems that tRNA(CGmA) inhibits serine incorporation from the competing tRNA, whereas tRNA(CGAm) does so only minimally (Table 2 , lines c and g)+ Thus, tRNA(CGmA) may bind to the ribosome in response to the UCG codon, possibly more strongly than tRNA(CGA), but the tRNA(CGmA)-bound ribosome can only slowly proceed to the next codon+ On the other hand, it is unlikely that the modified tRNAs bind poorly to the P-site, as many anticodon analogs composed of deoxyribonucleotides bind to the P-site (Dao et al+, 1992 )+ Recently, it was shown that the first and second positions of the codon are fixed on the ribosome through their 29-OH groups, and this should be essential for the correct tRNA selection (Yoshizawa et al+, 1999 )+ Thus, it is possible that the 29-OH groups in the second and third positions of the anticodon are placed at the correct positions only when the correct pairs are formed, and this turns on, directly or indirectly, the switch for the ribosomal rearrangement (Lodmell & Dahlberg, 1997; Gabashvili et al+, 1999 )+ Another hypothesis that may explain the low activities of the tRNA molecules modified at the second/third positions is that the modifications disrupted the local conformation in the anticodon stem-loop region, which is essential to the interaction with the ribosome+ In the case of the ribosomal binding of a class of anticodon stem-loop analogs, single base modifications stabilize the anticodon stem and the open-loop conformation of the anticodon loop, which may be required for efficient ribosomal binding (Dao et al+, 1992 (Dao et al+, , 1994 )+ The resolution of the three-dimensional structure of the ribosome has improved recently (Brimacombe, 1998; Moore, 1998; Ban et al+, 1999; Clemons et al+, 1999 )+ The detailed structure of the ribosomal decoding site may reveal the mechanism by which the 29-hydroxyl groups at the second and third positions contribute to the decoding process+ Artificial tRNA molecules have been used for the preparation of proteins that have unnatural or labeled amino acids at predetermined positions (Noren et al+, 1989; Mendel et al+, 1995; Rothschild & Gite, 1999 )+ These techniques are essential for group-based mutagenesis (Mendel et al+, 1995) and for site-specific isotope labeling for efficient NMR signal assignment (Yabuki et al+, 1998; Kigawa et al+, 1999 )+ The techniques for the chemical synthesis of RNAs have improved remarkably in recent years, so that the chemical synthesis of a large amount of a full-length tRNA is now possible (Ohtsuki et al+, 1996) + The efficiency of the introduction of unnatural/labeled amino acids may be improved by the use of chemically modified tRNA molecules+ Systematic studies of the structure-function relationships for tRNA codon-reading activity will contribute to tRNA-mediated protein engineering, in addition to our understanding of the molecular mechanisms of translation+
MATERIALS AND METHODS
Preparation of RNA oligomers
Monomer units of the 29-O-methylnucleotides and the 29-deoxyuridine for the automated synthesis of the RNA molecules were purchased from ChemGene and Cruachem, respectively+ RNA oligomers were synthesized with an ABI Model 392 DNA/RNA synthesizer by the standard procedure+ The deprotected, desalted RNA oligomers were separated on a standard polyacrylamide gel with 8 M urea, and were recovered by electroelution with a Biotrap TM apparatus (Schleicher and Schuell) or by extraction into water followed by desalting with a CentriCon (Amicon Inc+) ultrafiltration apparatus+
Preparation of tRNAs
tRNA molecules were prepared by the ligation of the 59-half fragment (positions 1-37, 38mer) and the 39-half fragment (positions 38-76, 50mer) (Fig+ 1) as follows+ Each oligomer (up to 6 mg/mL) was phosphorylated by an incubation at 37 8C for 90 min in a buffer containing 50 mM Tris-HCl (pH 8+0), 10 mM magnesium chloride, 5 mM dithiothreitol (DTT), 1 mM ATP, and 200-300 units/mL T4 polynucleotide kinase (Takara Shuzo)+ We have confirmed by gel electrophoresis that .95% of the RNA is phosphorylated with this protocol+ After the reaction, the enzyme was removed by phenol/chloroform extraction, and the mononucleotides were removed by ultrafiltration with a CentriCon+ The phosphorylated 59-and 39-half fragments (20-50 mM each) were annealed by an incubation at 80 8C for 5 min followed by gradual cooling at room temperature for 30 min in 69 mM Tris-HCl (pH 7+9), 14 mM magnesium chloride, and 69 mM sodium chloride+ This RNA complex was incubated at 37 8C for 10-18 h in a buffer containing 50 mM Tris-HCl (pH 7+9), 10 mM magnesium chloride, 50 mM sodium chloride, 10 mM DTT, 0+005% bovine serum albumin (BSA) (Takara Shuzo), 15% dimethylsulfoxide, 500-600 U/mL T4 RNA ligase (Takara Shuzo), and ATP (the molar ratio of ATP to the 39-half fragment was 3)+ The ligation product was separated on a polyacrylamide gel containing 8 M urea+ The 88-nt tRNA was recovered by water extraction and was desalted by ethanol precipitation+ Aminoacylation tRNAs were aminoacylated as described (Takai et al+, 1996) + The aminoacylation efficiencies of the tRNA molecules in the present study were comparable to those of the transcript tRNAs used previously (Takai et al+, 1996 (Takai et al+, , 1999b )+ The aminoacyl-tRNAs were used in the translation assay, as described previously (Takai et al+, 1996) , without separation from the uncharged tRNA+
Messenger RNAs
We used two mRNAs, mRNA(UCG) and mRNA(GAG) (Fig+ 2A) , for the translation assay of the relative codonreading efficiencies illustrated in Figure 2B (Takai et al+, 1996) + Each mRNA was prepared by T7 RNA polymerase-mediated transcription of pART23GGC3TCG or pART23GGC3GAG (Takai et al+, 1996) , followed by separation on a denaturing polyacrylamide gel, water extraction, and ethanol precipitation+
Measurement of the relative codon-reading efficiencies
The method for the measurement of the relative codon-reading efficiencies was essentially that described earlier (Takai et al+, 1996) + We changed the amounts of the Ser-tRNAs added to a reaction on a case-by-case basis, so that the incorporation profile would be nearly linear, at least during the initial 8 min+ The mRNAs, mRNA(UCG) and mRNA(GAG), have no codons starting with UC or GA, except in the test-codon position ( 14 C]Ser-tRNA(X) and [ 3 H]Ser-tRNA(Y)+ For the assay for the UCG codon, mRNA(UCG) was used for the test reaction and mRNA(GAG) for the control reaction, and vice versa+ During the cell-free translation reaction, the incorporation of the radioactivities into the peptide (alkali-resistant, acidinsoluble fraction) and the surviving aminoacyl-tRNAs (alkalisensitive, acid-insoluble fraction) were monitored (a, b, e, and f in Tables 1-3)+ The incorporation rate was calculated as the rate in the test reaction minus that in the control reaction (c, d, g, and h in Tables 1-3)+ The apparent codon-reading efficiency was calculated as the ratio of the incorporation rate and the concentration of the surviving Ser-tRNA for each of the two tRNA species for each of the two sets of reactions (c/a, d/b, g/e, and h/f)+ The apparent relative codon-reading efficiency was obtained as the ratio of the apparent codon-reading efficiencies from each of the two sets of reactions [(c/a)/(d/b) and (g/e)/(h/f)]+ The geometric mean of these two values (i in Tables 1-3) was obtained as the relative codon-reading efficiency+ This is practically free of the differences in the counts per mole between 14 C and 3 H and that between Ser-tRNA and the synthesized peptide+ Primary assumptions are that the ribosomes with the test codon at the A-site are the enzyme molecules, and that the radio-labeled Ser-tRNAs are the two competing substrates+ The relative codon-reading efficiency corresponds to the relative substrate specificity of the enzyme+
